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Abstract 
In view of the need to understand low cycle fatigue (LCF)-microstructure relationships in carburized steels, bending 
fatigue tests and fatigue modeling were conducted on carburized 4320 steel.  The starting case microstructure of the 
specimens, directly quenched and tempered after carburizing, consisted of plate martensite and retained austenite. 
This paper compares linear elastic fracture mechanics (LEFM) based models that predict crack growth rates in the 
transgranular crack growth region with an effective stress intensity reduction due to stress/strain induced 
transformation of austenite to martensite in front of the crack tip. These models more accurately predict fatigue lives 
than a simple linear elastic fracture mechanics model without a reduction in the stress intensity.  A sensitivity analysis 
on the model results as a function of input parameters was also performed.    
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1. Introduction 
Steels typically containing 0.2 wt.% C or less, are carburized to increase surface carbon concentrations 
to 0.8 wt.% or more and increase surface hardness and compressive residual stresses, wear resistance, and 
fatigue life.  The microstructure in the case plays a major role in crack nucleation and growth processes, 
but the effect of case microstructure on crack growth processes are not well understood particularly with 
respect to near-surface plate martensite-austenite.  During fatigue, stress- or strain-induced transformation 
of retained austenite to martensite can affect fatigue mechanisms by altering residual stress distributions 
due to the volume expansion associated with martensite formation.  At stresses above the endurance limit 
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in direct quenched and tempered carburized steels, an intergranular crack, on the order of 10-15 ȝm, 
nucleates in the first fatigue cycle [1].  The intergranular crack forms along prior austenite grain 
boundaries embrittled by phosphorous segregation and cementite formation in a mechanism termed 
quench embrittlement [2-5].  The crack propagates transgranularly through tempered martensite and 
retained austenite and takes on a semi-elliptical shape, typical of surface-initiated cracks.  This stage of 
crack growth is on the order of 100 ȝm, but the majority of low cycle fatigue life is spent in this stage, 
and thus is the focus of this paper.  The purpose of this investigation is to predict crack growth rates in the 
region of stable crack growth by fracture mechanics concepts and models in 4320 carburized steel, oil 
quenched directly after carburizing.  The model predictions will be compared with experimental low 
cycle fatigue data published previously [6].   
2. Experimental Procedures 
2.1. Material Processing and Fatigue Testing 
Fatigue experiments and characterization were conducted on carburized SAE 4320 steel with 
composition shown in Table 1.  Simulated gear tooth bending fatigue specimens (Figure 1), used in 
several studies on the fatigue behavior of carburized steels [3, 7, 8-10], were gas carburized with a boost 
cycle with a carbon potential of 1.05% followed by a diffuse cycle with carbon potential of 0.82%.  The 
boost and diffuse cycles were used to produce a case depth of 1.1 mm, defined as the depth to 50 HRC 
after quenching.  Bending fatigue tests were conducted on the carburized specimens at 30 Hz with a stress 
ratio, R, of 0.1.  In these tests, a bending load is applied to the small end of the specimen while the larger 
end is fixed.  Prior to carburizing, the samples were chemically polished to remove the residual effects of 
machining.  A complete description of the experimental methods is presented elsewhere [6].   
3. Design of Fatigue Crack Growth Models for Carburized Steels 
Since a crack nucleates within one fatigue cycle during low cycle fatigue of direct quenched 
carburized steels, fatigue lives may be predicted by modeling the crack growth rate during the stable 
transgranular crack growth region.  The rate of crack growth per cycle, da/dN, is related to the range of 
applied linear elastic stress intensity, ǻK, through the Paris Law. Solutions for K exist for a surface semi-
elliptical crack subjected to bending loads [11, 12].  The value of K depends on the location along the 
crack front.  Using the Paris Law, stress intensity solutions can be used to calculate the number of cycles 
required for the crack to grow from the crack nucleation length to the length where transgranular crack 
growth ends; i.e. where the maximum applied K exceeds the fracture toughness of the steel in the 
localized region. 
A model based on LEFM and related to the stability of retained austenite in front of a fatigue crack tip 
will be presented to predict crack growth rates in carburized steels. The algorithm for predicting crack 
growth rates is as follows. It is assumed that the crack initiated with a crack length, a, of 15 ȝm, and the 
initial crack aspect ratio, a/c, was 0.5.  These crack measurements correlate closely with experimental 
observations of the intergranular crack size and morphology.  The crack depth is approximately equal to 
the size of one prior austenite grain. The stress intensity factor for this semi-elliptical crack was calculated 
with the Newman and Raju solution for a semi-elliptical crack in a bar subjected to a bending load [12].  
The reduction in stress intensity due to austenite to martensite transformation was calculated based on the 
models described below.  The calculations were performed at the maximum crack depth and where the 
crack intersects the surface.  Then, the crack growth rates were determined with Paris Law constants 
obtained from fatigue crack growth data of 52100 martensitic steel [13], which has a similar high carbon 
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martensitic microstructure to the case-carburized layer in the 4320 steel; the 52100 steel data is assumed 
to estimate the crack growth rate in carburized steel in the absence of residual stresses. 
Table 1. Chemical composition of SAE 4320 used in the investigation.
C Mn P S Si Ni Cr Mo Cu Al O (ppm) N (ppm) 
0.17 0.60 0.010 0.018 0.21 1.68 0.48 0.20 0.22 0.032 10 124 
Figure 1. Simulated gear tooth bending fatigue specimen.  Dimensions are in millimetres. 
The initial crack propagation rate based on the initial crack geometry, loading, and residual stress 
conditions was applied for 50 cycles of crack growth at both the maximum crack depth and at the surface.   
The amount of crack growth in between these points was interpolated by assuming the crack continued to 
grow as a semi-ellipse.  Then, the effective stress intensity was recalculated for the new crack geometry, 
and the corresponding crack propagation rate was applied for another 50 cycles.  This procedure was 
repeated until the crack depth reached the average experimentally measured depth of stable crack growth 
for a given applied stress range, as shown in Table 2 [6].  
Table 2. Experimentally measured depth of stable crack growth in gas-carburized 4320 steel for each applied fatigue stress range 
[6].
Stress Range (MPa) Depth of Stable Crack Growth (ȝm) 
1103 150 
1241 132 
1379 117 
1517 105 
The reduction in stress intensity due to the transformation of austenite to martensite near the crack tip 
was calculated based on the work of Mei and Morris [14], who investigated fatigue crack propagation in
304-type stainless steels.  They developed a modified stress intensity solution to account for the 
transformation strains ahead of the crack tip: 
wBVKK Tfeff ε−=                              (Eqn. 1) 
where B is the bulk modulus of martensite, Vf is the volume fraction of mechanically transformed 
martensite around the transformation zone ahead of the crack tip,  İT is the volumetric transformation 
strain, and w is the width of the transformation zone.  The second term in Equation 1 reduces the effective 
stress intensity due to the volume expansion associated with martensite formation. The transformation 
zone, w, was assumed to be approximately equal to the plastic zone size in front of the crack tip.     
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Eqn. 1 assumes that the amount of retained austenite that transforms to martensite is uniform 
throughout the plastic zone; this model is labeled the Uniform Transformation Model. Eqn. 1 can 
modified by assuming the amount of retained austenite transformation is a function of the distance from 
the crack tip; this model is labeled the Linear Transformation Model.  In the Uniform Transformation 
Model, it is assumed that 75% of the retained austenite transforms to martensite based on experimental 
results in 8620 carburized steel, which are presented in section 4.  In the Linear Transformation Model, it 
is assumed that the amount of austenite transformation varies linearly from 75% immediately adjacent to 
the crack tip to 0% at the edge of the plastic zone.  Then, for the Linear Transformation Model, Eqn. 1 
becomes: 
wBVKK Tfeff ε−= 3
2                  (Eqn. 2) 
The stress intensity due to austenite to martensite transformation is reduced by 1/3 compared to the 
Uniform Transformation Model.   
4. Results and Discussion 
Figure 2a shows the case microstructure in an 8620 gas-carburized Brugger fatigue specimen, similar 
to the 4320 steel, immediately below the fatigue fracture surface.  The crack initiated in the upper right 
portion of the image and propagated downward; the fracture surface is on the right side of the image.  The 
white areas are austenite and the darker regions are martensite. The retained austenite volume fraction 
near the fracture surface is much smaller than it is in the regions removed from the fracture surface.  The 
measured volume fraction in the region within 10 microns of the fracture surface is 2-3%. Before fatigue 
cycling, the volume fraction of retained austenite at the surface of the samples was 11.5 percent and at a 
depth of 75 m it was 18 percent, as determined by x-ray diffraction analysis [8].  Thus, there is extensive 
transformation of retained austenite in the region near the fatigue crack tip as it propagates through the 
specimen in the region of stable crack growth. 
Microstructural characterization of the 8620 steel was used to estimate the amount of retained austenite 
to martensite transformation ahead of the fatigue crack tip in the gas-carburized 4320 steel.  It was 
estimated that approximately 75% of the retained austenite transforms to martensite ahead of the crack 
tip.  The starting volume fraction of retained austenite was assumed to be 30%, which is the average 
volume fraction in the first 150 ȝm of the 4320 carburized case.  These estimations were used to calculate 
the reduction in stress intensity with equations 1 or 2.   
Using the methodology outlined in section 3, the fatigue lives of the 4320 gas-carburized steel were 
predicted with both the Uniform and Linear Transformation Models and a model that does not take into 
account the stress intensity reduction associated with the retained austenite to martensite transformation, 
labeled as the Basic LEFM model. The models are designed to predict crack propagation rates in 
carburized steels through the region of stable crack growth.  During LCF of carburized Brugger fatigue 
specimens, where fatigue life is controlled by the stable crack growth region, the models can also predict 
fatigue lives.  Figure 2b shows a comparison of the predicted and experimentally measured fatigue lives, 
including the individual specimen data and median fatigue life for each applied stress range. All of the 
models fall within the range of experimental data in the low cycle fatigue region.  The Basic LEFM 
model is the least accurate and most conservative, implying it is also the least accurate in predicting crack 
propagation rates.  Thus, residual stress must be taken into account when analyzing crack growth in 
carburized steels. The Transformation Models account for microstructural evolution during fatigue crack 
growth in the region of the crack path.  The austenite to martensite transformation produces a volume 
change, which results in local compressive stresses that reduce the crack driving force.  The Uniform 
Transformation Model predictions are the closest to the experimental data averages. There may be several 
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reasons the models are conservative near the endurance limit. There is a lower driving force for crack 
growth, and the gradients in microstructure, residual stress, and crack propagation resistance across the 
carburized layer may have a greater impact on fatigue life than at larger stresses.  Also, the cycles 
necessary to nucleate a fatigue crack may be a larger portion of the fatigue life, thus making the crack 
growth based model predictions conservative.             
Figure 2. a. SAE 8620 gas-carburized Brugger fatigue specimen; the crack initiated on the upper right side and propagated 
downward. Light optical micrograph: white phases are retained austenite and dark phases are martensite. b. Experimental stress 
range versus cycles to failure for gas-carburized 4320 steel [6] compared to model predictions of fatigue life. 
Figure 3.a. Stress range versus cycles to failure showing the sensitivity of the Uniform Transformation model to crack length, a. b. 
Stress range versus cycles to failure showing the sensitivity of the Uniform Transformation model to austenite stability. 
The sensitivity of the fatigue crack growth models to variations in the starting crack dimensions, a and 
c, was examined.  The sensitivity of the Uniform Transformation Model to a are plotted in Figure 3a; the 
sensitivity to c is not shown but is similar.  The Linear Transformation Model has similar sensitivity to 
both a and c. The experimental fatigue data for the carburized 4320 steel is also plotted for refernce.  The 
crack depth was varied between 5 to 30 ȝm, 1/3 to 2 times the prior austenite grain size, c was  kept 
a b
a b
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constant and equal to 30 ȝm. The sensitivity of the models is relatively small compared to the 
experimental data scatter.   
The sensitivity of the Transformation models to austenite stability was also assessed. The results are 
shown in Figure 3b for the Uniform Transformation Model.  The maximum amount of austenite to 
martensite transformation was varied between 5% and 30%.  The Uniform Transformation Model is 
slightly more sensitive than the Linear Transformation Model.  However, nearly all of the fatigue life 
predictions are within the range of experimental data scatter above the endurance limit. 
While variation in model parameters affects fatigue life predictions, the model predictions fall within 
the experimental data scatter in the low cycle fatigue region across a wide range of reasonable parameter 
input values.  The sensitivity to initial crack geometry is smaller than the sensitivity to the austenite 
stability.  Thus, future efforts should be concentrated on more accurately characterizing the distribution of 
retained austenite transformation ahead of the crack tip.  
5. Summary and Conclusions 
Fatigue crack propagation rate models were developed for gas-carburized steels that were directly 
quenched and tempered after carburizing.  The models account for the volume expansion and associated 
reduction in stress intensity ahead of the crack tip when austenite transforms to martensite.  In the low 
cycle fatigue region, the Transformation models more accurately predict fatigue lives than a simple 
LEFM model without the reduction in stress intensity.  The implication of the model predictions is that 
the stress/strain induced transformation to martensite effectively reduces the driving force for fatigue 
crack growth.  A sensitivity analysis was performed across a reasonable range of crack geometry and 
retained austenite stability parameters.  The model results relative to the experimental results are not 
easily biased by the selection of parameters. 
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